: · ι · . an MRS study of interfacial degradation and the degradation mechanism in graphite/epoxy composites. Degradation behavior was studied in single fiber, multi fiber and bulk composites.
interface or to create interfacial bonds that are not susceptible to hydrolysis reactions (16). Several surface treatments have been used and reported to enhance the composite interfacial durability up to the limit where no interfacial degradation was observed (17). The results were explained by the formation of strong covalent bonds at the interface that are not susceptible to hydrolysis reactions and, hence, prevented interfacial degradation.
Later, Kaelble and co-workers, using thermodynamic arguments, suggested that treating the fiber surface to reduce its polarity yields a composite with moisture insensitive interface (16, 18, 19) . However, Benatar and Gutowski investigated the theory, using graphite/epoxy composites, and found that the fiber surface polarity does not play any role in the interfacial degradation and concluded that composite durability can not be improved by such interfacial treatments (20).
Matrix Plasticization
When small molecules are added to a polymer, the free volume is decreased and the polymer is plasticized. Plasticization causes a reduction in the glass transition temperature, an increase in the strain to failure, and often a decrease in the modulus especially near the glass transition region. Based on the shear lag model (21), a reduction in the matrix modulus can cause a reduction in the interfacial shear stress (ISS) required to transfer a certain strain to the fiber. This is reflected in a longer stress transfer length and can be regarded as a reduction in the ability of the interface to transfer shear stress. Even in a well bonded system, matrix plasticization will have a profound effect on the interfacial stress transmissibility if the plasticization caused a reduction in the matrix yield stress that is the upper limit for interfacial stress transmissibility.
Reduction in Residual Stress
Compressive residual stresses develop both radially and axially around the fiber during the curing cycle due to a mismatch in the coefficient of thermal expansion between the matrix and the fiber. In the case of a frictional load transfer mechanism from matrix to fiber the ISS depends on Vol. 7, Nos. 1-2, 1998
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Part II: Interfacial Durability the stress normal to the interface, σ, and the coefficient of friction, μ (τ = σμ). As the radial stress (the stress normal to the interface) is relieved, the interfacial shear stress would decrease. In addition, if the load transfer mechanism is due to strong bonding and is limited by plastic deformation in the matrix, compressive radial and hoop stresses at the interface could cause an increase in the yield stress (22). This would be manifested as a higher ISS and the ISS would also reduce as the residual stress was relieved and/or became tensile.
Mechanical Degradation Mechanism (MDM)
A mechanism closely related to a reduction in residual stress is a mechanical degradation mechanism (8) (9) (10) (11) . The mechanical degradation mechanism (MDM) is based on the hydroscopic nature of epoxy matrices and the induced swelling caused by moisture absorption from the surrounding environment. Matrix swelling will create axial tensile strain in the fiber accompanied by radial as well as hoop tensile stresses at the interface as shown in Figure 1 . Such a complex Figure 1 . A schematic of the mechanical degradation mechanism in which matrix swelling causes radial tensile stresses at the fiber/matrix interface.
state of stress created at the interface due to matrix swelling, if high enough, can lead to a mechanical failure of the interfacial bonds. Swelling stresses in unidirectional and multi-directional laminates have been reported to cause severe matrix microcracking that causes considerable damage to the composite mechanical performance (1, (23) (24) (25) . According to the MDM, the interfacial bonds failure will be a mechanical failure and should depend most strongly on the matrix hydroelastic behavior, regardless of the environment temperature and/or chemistry, and the value of the induced stresses should increase with the matrix swelling strain (7-10).
It is important to note that on one hand, the CDM suggests chemical modifications at the interface to either seal it or prevent hydrolysis reactions as a solution to the composite durability problem in wet environment. On the other hand, the MDM suggests chemical or physical modifications of the matrix to reduce the swelling and/or interfacial modifications to accommodate and release the interfacial stresses created due to matrix swelling as the solution to the composite durability problem. Those are two different directions to follow in solving the composite durability problem and it is crucial to understand the acting degradation mechanism in the system in order to create a durable system for specific service conditions. This paper reviews the author's work on environmental durability of high modulus graphite/epoxy composites and presents recent work on interface durability in compression.
Experimental Details.
Micro Raman Spectroscopy
Because this issue of the journal is focused on Raman spectroscopy, only the details of the methods used in our laboratory are reviewed and the details of the Raman effect are left to others.
Micro Raman spectroscopy (MRS) is a powerful technique to monitor the interface behavior in single fiber composites (8-10, 26,27) as well as in bulk composites (9) . Recently there has also been a push to use MRS for to understand the effect of a fiber break on the neighboring intact fibers (28-34) and to study the strain field in front of a macroscopic crack (35).
The technique is based on calibrating the Raman peak shift with applied strain on the fiber of interest. In this study a Toray M40 high modulus fiber was used and the second order Alg mode was followed. As shown in Figure 2a , the Raman frequency gage factor (RFGF) or the slope of the Raman peak shift with applied strain is 25.1±0.6 cm -1 in tension and 20.5±0.6 in compression. From the calibration curve, the strain profiles of fibers embedded in a matrix can be Vol. 7, Nos. 1-2, 1998
Micromechanical Behavior of Graphite / Epoxy Composites Part II: Interfacial Durability monitored with 2μηη spatial resolution. In this study, the composites, were loaded in axial tension or four point bend compression. At several applied strain levels, Raman spectra were taken at different points along the fibers in regions of interest. Using the calibration curve, shown in Figure 2a , the fiber strain (ei) at any point (i) along the fragment length can be calculated as follows:
Where, vj and v 0 are the Raman peak position obtained from the fragment at point (i) and from a strain free fiber respectively. The strain resolution for this fiber is ±0.05%. A typical strain profile on a fiber fragment is shown in Figure 2b . From the strain profiles around a fiber break, the interfacial shear stress, was calculated using the following force equilibrium balance applied to a small fragment of fiber in the axial direction:
where, τ^ is the interfacial shear stress, Ef is the fiber elastic modulus, d is the fiber diameter, and / χ is the derivative of fiber axial strain with respect to the distance along the fiber axis. The slope of the strain profiles was determined by fitting a curve through the strain points using a locally weighted least squares error fitting. The error in interfacial shear stress was ±5MPa.
interfacial shear stress profiles provide an insight about the deformation and failure processes at the interface. A detailed discussion about this point has been given in part I of this two-part paper.
In order to study the effect of one fiber break on a neighboring intact fiber, the strain concentration factor defined in equation (3) as the enhanced strain in the intact fiber over the far field strain was measured.
where e e nhanced is the local strain value, and ε 0 is the far field strain. this study are those in the first neighbor due to the presence of one adjacent broken fiber. The SCF vs. inter-fiber distance profiles were generated from by calculating the SCF for several inter-fiber spacing from one composite. The error in SCF was ±0.05 and this is due to experimental scatter in the strain data.
Composite Fabrication
All the composites had a matrix of Shell Epon 828 cured with metaphenylene diamine m-PDA (stoichiometric ratio 14.5 phr). The matrix had the following properties: a glass transition temperature of 145°C, a coefficient of thermal expansion of 50* 10~6 K~l, and a modulus of 3.6
GPa. The graphite fibers were Toray M40 sized and unsized with a modulus of 392 GPa, an average diameter of 6.5 μπι, an average strain to failure of 0.7%, (sized) and a coefficient of thermal expansion in the axial direction of -1.2* 10"^ K~l. The sizing is an epoxy compatible sizing.
Single fibers were placed into a dog bone shaped mold (ASTM D 1708-84) and the mold was filled with resin and curing agent. The composites were cured for 2 hours at 75°C followed by 2 hours at 125°C. The samples had a gauge length 50 mm long, 5 mm wide, and 2.5 mm thick.
Single fiber composites were used to isolate the effect of the interface from fiber / fiber interaction and to control the alignment of the fibers. Multi fiber composites with 5 to 7 fibers were processed in order to study the effect of fiber / fiber interaction. Bulk composites were prepared by embedding a graphite fiber tow (6000 fibers) along the axial direction of the sample. The local fiber volume fraction within the tested region was calculated based on the inter-fiber distance and was found to be about 70%. There was no porosity in the sample observable using light microscopy and the matrix wetted the fibers well. It is important to note that although the global volume fraction was 1.6%, the local fiber volume fraction is the one that affects the composite micromechanical behavior and is calculated here from the inter-fiber distance within the tested region.
Environmental Exposure
Composites were immersed in distilled water at 100°C and 50°C, and 10% aqueous solutions of HCl and NaOH at 50°C. The weight gain was determined as a function of time. The level of saturation was calculated by dividing the weight gain at a given time over the maximum weight gain. Samples were removed after achieving different levels of saturation, namely 25%, 50%, 75%, and 94-98%. They were loaded in tension or compression at room temperature, and the maximum weight loss due to drying during testing was 3% of the water content. Another set of samples was exposed to 100°C in air for 93.5 hours, the same time required to reach 94% saturation in boiling water. In addition to composite samples, cubes of matrix were placed in the 4 environments and the matrix volumetric strain and weight gain were recorded as a function of time.
Matrix Modulus Determination
The modulus of the matrix was tested both before and after environmental exposure using dynamic mechanical analysis (DMA) and tensile testing. The DMA parameters were a heating rate of 5°C per minute and a frequency of 1 Hz under nitrogen atmosphere. The tensile tests were run using an Instron machine at a strain rate of ,25%/min.
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Finite Element Analysis
In order to model interfacial stresses resulting from matrix swelling due to water absorption and its dependence on the fiber volume fraction, finite element analysis (FEA) was used. The composite was modeled using a hexagonal array which was represented by a triangular unit due to symmetry as shown in Figure 4 . A commercially available package, ABAQUS 5.4, was used and the elements were six node generalized strain elements. The epoxy matrix was modeled as an isotropic elastic material, and the graphite fibers as orthotropic and elastic. 
Results.
This section presents the results of this study on degradation of interface behavior in graphite / epoxy composites in the following order: 1) the diffusion kinetics of water transport into the epoxy matrix, 2) the hydroelastic behavior of the matrix and the impact of water absorption on the matrix mechanical properties, 3) the change in the interfacial behavior of the composite loaded in tension and in compression, 4) the effect of interface degradation on fiber/fiber interaction , and 5) the prediction and testing of interface behavior in bulk composites based on degradation in single fiber composites.
Diffusion kinetics
The diffusion kinetics of distilled water in epoxy were studied at two different temperatures 50°C, and 100°C. Experimental absorption curves at both temperatures are shown in Figure 5 .
Water absorption at 100°C followed the one stage Fickian model. The diffusion parameters were determined by fitting the experimental data to a one dimensional Fickian model using the simplified Springer equation (36, 37) .
Where, M(t) is the weight gain at any time (t), Μ is the equilibrium (saturation) weight gain, D is the diffusivity, and h is the sample thickness. The equilibrium (saturation) water content was 3.28±0.06% (average of three samples) and the water diffusivity was 5.3 E-8 cm^/Sec.
At 50°C, water diffusion deviated from the Fickian behavior and followed a two stage nonFickian (Langmuirian) behavior (38) . Lowering the temperature to 50°C also caused a reduction in the equilibrium (saturation) water content to 3.04±0.06%. Water diffusivity at 50°C was found to be 4.37 E-9 Cm^/Sec, an order of magnitude lower than that at 100°C. The two values of diffusivity were used to estimate the diffusion activation energy (E a ) according to the Arrhenius 
The diffusion activation energy was found to be 12 Κ Cal./mole. The aqueous solutions of HCl and NaOH caused a weight gain of 3.1% and 2.44% respectively.
Hydroelastic and tensile properties of the matrix
The hydroelastic behavior of the epoxy was found to depend on the exposure temperature and to follow the same number of stages as the diffusion mechanism as shown in Figure 6a . At 100°C, the matrix swelling strain was found to increase linearly with the matrix weight gain. The coefficient of moisture expansion (CME) was found to be 0.82/wt.%. On the other hand, the matrix swelling strain at 50°C followed a two stage behavior like the diffusion behavior. At low water contents, the matrix swelling strain was small giving a CME lower than that at 100°C
(0.66/wt%). Nevertheless, as the matrix water content exceeded 1.8%, the matrix swelling strain increased sharply resulting in a CME much higher than that at 100°C (1.43/wt%). Changing the environment pH to both acidic and basic sides resulted in a decrease in the maximum swelling Vol. 7, Nos. [1] [2] 1998 Micromechanical Behavior of Graphite / Epoxy Composites Part II: Interfacial Durability stress-strain curves of the epoxy before exposure in both tension and compression. Figure 7b shows the tensile behavior before and after exposure to the different environments used in this study. The initial elastic modulus was found to be 3.6 GPa in tension, and the results did not show any change in the elastic modulus of the epoxy after exposure but did show, however, an increase in the strain to failure after water saturation. DMA results are shown in Figure 7c and they confirm that no change in the epoxy elastic modulus after exposure to any of the environments used in the study
Interfacial degradation in Tension
The sized and unsized single fiber composites used in this study were discussed in great detail in part I of this paper. To summarize, residual strain in the fiber was -0.15% ± 0.05%, the maximum interfacial shear stress observed due to tensile loading in both composites was 40 MPa.
This is indicative of strong bonding at the interface and a load transfer mechanism that is limited by matrix plastic deformation. For the composites exposed to 94% of the saturation level in boiling water, fiber fragmentation was observed after exposure, and the fiber residual strain was found to be +0.1%. The maximum ISS observed was 20 MPa, which is the same as the maximum interfacial shear stress observed in the as-prepared sample after interfacial failure near the fiber end.
Strain and ISS profiles of a 94% saturated sample are shown in Figure 8 . Investigating the interfacial behavior for samples exposed to boiling water to different levels of saturation revealed that up to 25% saturation, no interfacial degradation occurred and that the maximum ISS observed was still 40 MPa. At higher levels of saturation, the maximum ISS dropped almost linearly with the level of saturation as shown in Table I . Meanwhile, the fiber residual strain was found to increase with the composite level of saturation as shown in Figure 9 . Matrix Linear Strain (%) Figure 9 . The residual strain in the fibers as a function of saturation level at 50°C in water, 10% HCl and 10% NaOH.
In order to separate the effect of water from that of temperature on the observed interfacial degradation, composite samples were exposed to 100°C in air for the same period required to reach 94% saturation (94 hours). No fiber fragmentation was observed after such thermal exposure, and the fiber residual strain was found to be -0.35%. The interface behavior was similar to that of the as-prepared composite, and the maximum ISS observed was 38 ± 5 MPa. The fact that no degradation was observed after thermal exposure (maximum ISS obtained 38±5) indicates that all the observed interfacial degradation is due to the presence of water.
Sized fiber composites were also exposed to aqueous environments with 10% HCl or 10%
NaOH and water at 50°C. Finally, unsized fiber composites were exposed to boiling water. The Nos. 1-2, 1998 Micromechanical Behavior of Graphite / Epoxy Composites Part II: Interfacial Durability results for all of these are shown in Table I . The first observation that can be made is that the sized and unsized fiber composite degraded the same amount at full saturation. In addition, the temperature of the water did not affect the maximum degradation. Finally, the pH of the solution reduced the degradation, but by equal amounts. Figure 10 shows the ISS in a sample loaded in compression both before and after exposure. Notice that before exposure, the ISS in compression is much higher than in tension.
Interfacial Degradation in Compression
This is because the yield stress in compression is much higher than in tension ( Figure 6 ). In addition, the drop in ISS was to 12.5 MPa on average. This is a dramatic drop and clearly
illustrates that there has been failure of the interfacial bonds.
Applied Strain -0.4% Applied Strain -0.8% 
Dried Samples
Single fiber composite samples exposed to boiling water up to saturation were dried in a forced air oven at 120°C. The sample weight loss was 102% of the weight gained due to water absorption. Interfacial measurements of dried samples yielded a maximum interfacial stress of 30±5 MPa as shown in Table I . This shows some reversibility of the degradation mechanism as has been observed by others (5).
Multi Fiber Composites
Fiber/fiber interaction in a composite is amicromechanical phenomenon that, to a large extent, controls the composite toughness and failure behavior (39) (40) (41) . Results for the effect of composite aging in hot/wet environments on the fiber/fiber interaction are presented in this paper.
It should be emphasized, however, that the effect of composite aging was not limited to reduction in the interfacial ability to transfer shear stresses. Fiber failure due to exposure was also observed.
Thus this fiber interaction does not necessarily reflect the direct role of ISS on fiber/fiber interaction, but only the effect of the entire damage done due to environmental exposure on fiber/fiber interaction. Figures 11a and b show the stress concentration factor as a function of interfiber spacing in both tension and compression. In both cases the fiber/fiber interaction is greatly reduced though more dramatically in compression compared to tension.
Finite element analysis (FEA).
Using finite element analysis to simulate bulk composites with different fiber volume fractions showed that the fiber/matrix interface will be exposed to a complex state of stress that includes radial, hoop, and circumfirencial shear. More importantly, the analysis showed that the radial stress will mainly be tensile at all possible fiber volume fractions. Figure 12 summarizes the FEA results and shows the radial stress at different fiber volume fractions.
Bulk Composites
Composite samples with high local volume fractions (71 %) were made and exposed to boiling water up to the saturation level. Interfacial stress transmissibility was tested after exposure by means of micro-Raman Spectroscopy. Axial strain and ISS profiles obtained from individual fibers in the bulk composite are shown in Figure 13 . The average ISS in the bulk fiber composite after exposure ranged between 5-8 MPa compared to a value of 20±5 MPa measured in single fiber composites after the same environmental exposure. As the applied strain increased, a further reduction in ISS was observed near the fiber end.
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In order to confirm that the bulk composite was tested under the same conditions as the single fiber composites, a fiber isolated from the tow with a local volume fraction less than 1 % (inter fiber distance was more than 10 fiber diameter) was probed with the MRS. An ISS after exposure of 25±5 MPa was observed which is close to the 20±5 MPa observed in the other single fiber samples.
Discussion.
Diffusion kinetics and hydroelastic behavior
Water absorption at 100°C followed the one stage Fickian model. The equilibrium (saturation) water content was 3.28% and the water diffusivity was 5.3 E-8 cm^/sec. This diffusivity value is very close to the range reported previously in the literature for different epoxy resins (4-12 E-8 cm^/sec) (42) . At 50°C, the deviation of water diffusion from the Fickian behavior into,a two stage non-Fickian (Langmuirian) behavior is attributed to either a stress effect due to water concentration at the surface, or a time dependent slow relaxation process (43) . The two stage diffusion mechanism, however, is expected at such low temperature because the relative rates of diffusion and polymer chain relaxation are expected to be comparable (38) .
Lowering the temperature from 100°C to 50°C caused a reduction in the equilibrium The two stage nature of the epoxy hydroelastic behavior observed at 50°C can be explained from the viewpoint that at low water content, the epoxy is still in the glassy state and its chains can not move easily. The diffusing water molecules are, hence, forced to occupy part of the free volume and the resultant swelling is smaller. At this stage, internal stresses trying to expand the epoxy network are created. Such internal stresses are the result of interchain electrostatic repulsion which, in turn, results from the network ionization and hydrogen bonding dissociation by the diffusing water (49, 50) . As water diffusion proceeds and the water content increases, internal stresses increase, and the epoxy network resistance to motion decreases due to the decrease in its glass transition temperature. At a certain water content, which will be referred to as the critical water content (W C c) (@ 1.8% in our case), the internal stresses are high enough to highly deform the epoxy network and expand it causing the large swelling rate observed experimentally. It is important to note that as the epoxy is exposed at temperatures much lower than its glass transition temperature, higher stresses are required to cause the fast swelling action. This indicates that the critical water content is expected to increase as the exposure temperature of the epoxy decreases.
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Effect of Water absorption on Epoxy Mechanical Properties.
The initial elastic modulus of the matrix was found to be 3.6 GPa which is exactly the same as the value reported for the same system before (51). It is widely accepted that water affects the physical as well as the mechanical properties of cured epoxies through plasticization process which involves interruption of the Van der Waals bonds between ether, secondary amines, and hydroxyl groups inside the epoxy network (52) . As the epoxy absorbs water, its glass transition temperature Tg drops, the coefficient of thermal expansion increases, and the damping coefficient (tan δ) increases below Tg but is not affected above this temperature (45). A conflict, however, is found in the literature regarding the impact of the plasticization process on the epoxy elastic modulus. Some investigators reported a reduction in the elastic modulus upon water absorption (3), others reported a reduction upon exposure of the epoxy at 100°C, but no reduction at 50°C (53). In our results no reduction in the elastic modulus was observed due to water absorption at 50°C and 100°C up to the saturation level. It is important to mention that samples exposed at 50°C for more than a year (saturation is reached within 6 months) did show reduction in the elastic modulus. This indicates that a longer time is required for the water molecules to adhere themselves to the epoxy network and cause reduction in the elastic modulus. The increase in the strain to failure observed in this study is in agreement with the decrease in the glass transition temperature reported before (45).
lnterfacial degradation mechanism
It is the belief of these authors that the interfacial degradation mechanism is a mechanical The observed degradation of the ability of the interface to withstand shear stress can be attributed to any of the aforementioned degradation mechanisms, namely, matrix plasticization, chemical degradation, or mechanical degradation. It is important to note that the fibers used in this study were sized (had a pure uncured epoxy resin coating). This fiber sizing will result in the creation of an interphase with different properties than the bulk matrix upon composite processing (56) . This will add a new possibility to the observed degradation in the interfacial stress transmissibility that is interphase plasticization. The matrix plasticization possibility as an interfacial degradation mechanism was ruled out based on the fact that mechanical and dynamical testing of the matrix did not show reduction in the matrix elastic modulus Figure 7 b & c. The possibility of interphase plasticization was examined by virtually eliminating the interphase using unsized fibers (57, 58).
Results for composite samples with unsized fibers before and after exposure to boiling water were identical to those made with sized fibers as shown in Table I . This excludes the possibility that the observed degradation is due to interphase plasticization because otherwise, no degradation or at least a much lower one would have been observed in the case of unsized fibers. Additional observations that support the previous discussion result from considering the environmental exposure effects on the interfacial behavior under tensile as well as compressive loading of the composite. Assuming interfacial bond failure due to exposure, rather that plasticization, the stress transfer mechanism after the aging process should be due to friction at the interface (8) (9) (10) (11) . It is important to note that, due to the mismatch in Poisson's ratio between the matrix and the fiber, radial stress will be developed at the interface. This radials stress will be compressive if the Vol. 7, Nos. 1-2, 1998
Micromechanical Behavior of Graphite / Epoxy Composites Part II: Interfacial Durability composite is loaded in tension, and tensile if the composite is loaded in compression. Since the frictional stress transfer mechanism depends on the frictional coefficient, not changeable in this case, and the radials stress at the interface, it is expected that the frictional stress will be lower for composites loaded in compression that for those loaded in tension. Experimental results fully supports this argument and again rules out the plasticization possibility (54). To this end, the only possible reason for the observed interfacial degradation is the failure of the interfacial bonds. This as mentioned before can occur either chemically or mechanically.
To identify whether the interfacial degradation mechanism was chemical or mechanical, the temperature of the environment was reduced from 100°C to 50°C and the environment chemistry was changed by replacing distilled water by 10% (by weight) aqueous solutions of NaOH and
HCl. CDM should depend on the environment temperature and pH, while MDM should depend solely on matrix swelling. As was expected according to the MDM, axial tensile strain was induced in the fiber upon matrix swelling as indicated by the increase in the fiber residual strain shown in Figure 9 . The maximum interfacial shear stresses for composites tested in all environments plotted versus matrix swelling strain are shown in Figure 14 . Clearly, the interfacial degradation depends solely on the matrix swelling strain regardless of the environment temperature and chemistry. This strongly indicates that the interfacial degradation mechanism in the graphite/epoxy system studied is a mechanical degradation mechanism resulting from interfacial stresses created at the interface due to matrix swelling upon water absorption.
Effect of sample drying
Based on the MDM, sample drying will reduce the swelling of the sample and this should result in an enhancement in the ability of the interface to transfer shear stress. It is important to note that a full recovery of the original interfacial strength (if it can be referred to as strength) is expected for systems with frictional stress transfer mechanism prior to aging, while a partial recovery is expected for systems with strong adhesion prior to composite aging. This is based on the fact that drying the sample can only increase the radials interfacial stress to its original value prior to aging. On one hand, systems with frictional stress transfer should restore their original interfacial ability to transfer stresses unless the coefficient of friction has changed due to surface changes upon aging. On the other hand, systems with strong adhesion prior to aging will experience bond failure due to the matrix swelling. This will lead to a frictional stress transfer at the interface, then gain an increase in the radial stress due to sample drying. This will lead to an increase in the interfacial ability compared to the low frictional value maintained after the bond failure. A full restoration of the original interfacial strength is unlikely to be observed in such systems. The increase in the interfacial ability to transfer shear stress from 20 MPa (after exposure) to 30 MPa (after sample drying) observed in this study confirms two points. First that the interfacial degradation mechanism acting in this system is mechanical. Secondly, that the high interfacial shear stress values observed prior to aging are indeed due to strong bonding at the interface. It is worth mentioning at this point that such behavior has been explained before by a semi-reversible bond failure according to the chemical degradation mechanism (5).
Applicability to Bulk Composites
The degradation mechanism has been investigated using single fiber composites, but this The FEA results showed that matrix swelling (3.0% volumetric strain) induces a complex state of stress at the interface that includes radial, hoop, and shear stresses in the circumferential direction. It is important to note that such complex state of stress is expected to expose any infinitesimal crack at the interface located out of the stress transfer zone to a combination of fracture modes. The crack will experience a combination of mode I and mode II to make it propagate in the circumferential direction, while a combination of mode I and mode ΠΙ will act on the crack to make it propagate in the fiber axial direction. In addition, if the crack is located within the stress transfer zone, it will always experience a combination of the three fracture modes. More importantly, the FEA results indicated that at very high fiber volume fractions (71%) the radial stress at the interface will alternate between a high tensile value (25 MPa) and a low compressive value (5 MPa). This indicates that the matrix around the fiber will experience huge shear stresses at the points where radial stress changes from tension to compression. Such huge shear stresses are expected to fail the matrix and cause radial matrix cracking around the fiber. This, in turn, is expected to cause large reduction in the stress transfer from the matrix and the fiber. It is important to note that this is believed to be the mechanism of the severe microcracking reported before to cause large reduction in the mechanical properties of fibrous composites (1, (23) (24) (25) .
Effect of Interface Degradation on Fiber / Fiber Interaction.
In order to verify the prediction of the FEA model about the more severe interfacial degradation effect in composites with high fiber volume fraction, a composite with high local fiber volume fraction was fabricated, exposed to boiling water up to saturation and then tested using the Raman spectroscopy technique. Experimental results showed that the maximum interfacial shear stress in that case was 8 MPa compared to 20 MPa in the single fiber composite case. This strongly supports the prediction of the FEA model and directly leads to the conclusion that controlling the matrix swelling is a key issue in controlling the composite durability in hot/wet service environments.
Interfacial degradation impact on fiber/fiber interaction.
In order to further understand the effect of water on composite properties, the effect of interface degradation on fiber/fiber interaction in model composites was determined. Two things are clear from the results shown in Figure 11 . First, exposure to water decreases the SCF.
Second, there is a much larger decrease in SCF in compression than in tension. Each is discussed separately.
The reduction in SCF due to water is complicated because not only was there interfacial damage during exposure, but there was fiber fragmentation due to matrix swelling (8-10).
Therefore, this SCF data was taken in regions where although there was not break in the intact fiber transverse to the broken fiber, there were breaks axially within a few hundred microns. The fiber/fiber interaction can be summarized based on the large number of studied done about this subject (28-34, 59-64) as follows; in a strongly bonded system the stress redistribution due to one fiber failure is localized within the stress transfer area (that is short for a well bonded system) in the axial direction, and the few close intact neighbors (one or two) in the transverse direction.
Hence, high stress concentrations are expected. Interfacial phenomena such as interfacial yielding and debonding help spreading the local stresses (in the axial) and result in lowering the stress concentration (compare tensile versus compressive stress concentrations Figure 11 ) (28, 29, 41, 61). On the other hand, in a weakly bonded system, the stress redistribution due to one fiber failure tends to be global (within longer transfer length in the axial direction and far intact neighbors are sharing the load as well). The reduction in the interfacial shear strength due to environmental exposure is believed to be one of the reasons for the observed reduction in the stress concentrations and fiber/fiber interactions. Other reasons such as the amount of energy stored and Vol. 7, Nos. 1-2, 1998
Micromechanical Behavior of Graphite / Epoxy Composites Part II: Interfacial Durability the strain at which the fiber failure occurred will be discussed in details in another paper about the stress concentration phenomenon (65). To appreciate the effect of the interfacial adhesion in controlling the local to global load sharing in the composite the extreme example of a bundle of fibers without matrix would be appropriate. In this case one fiber failure will result in a global load sharing among the remaining intact fibers, but no local load sharing at all.
Conclusions.
Based on the previous results and discussion the following conclusions can be drawn.
Regarding the interfacial durability of composites it was found that the interfacial degradation mechanism in the system studied is mechanical degradation due to interfacial stresses created as a result of matrix swelling upon water absorption. In addition, it is essential to control the matrix hydroelastic behavior in order to control the composite durability in hot/wet service environments.
It was also found that interfacial degradation in high fiber volume fraction composites is more severe that in low volume fraction and in composites loaded in compression that those loaded in tension. Regarding the impact of interfacial environmental degradation on the fiber/fiber interaction in a composite, it was found that such interfacial degradation leads to a reduction in the fiber interaction. It is important, however, to emphasize that the reduction in the interfacial strength is believed to be one of the reasons and not the only reason for the reduction in the fiber/fiber interaction.
